Avascular necrosis (AVN) of a bone is a process that is characterized pathologically by bone marrow ischemia and eventual death of trabecular bone. Osteonecrosis of the femoral head (ONFH) usually develops in some parts of the femoral head and progresses to segmental collapse of the necrotic zone. This paper considers the possible nondestructive evaluation of the mechanical behaviors of the femoral head with osteonecrosis. The femoral head with osteonecrosis can be divided into three zones, namely, the normal, the reactive and the necrotic zone. In this paper, the effects of these strengthened reactive zones on the mechanical behavior of adjacent trabecular bone were investigated. The specimens were prepared after coring two cylindrical bone specimens from the human femoral heads with and without ONFH. Each specimen was scanned using a micro-CT. The histomorphological parameters were obtained from these models and the 3D finite element analysis was also performed. The histomorphological values showed the normal zone had denser structures than the necrotic zone in the specimen with ONFH, while all zones had similar structures in the specimen without ONFH. Nonlinear behavior of the specimen with ONFH showed that the normal zone was stiffer than the necrotic zone. It was shown that the reactive zone caused a stress concentration on the adjacent regions. The process of fracture by osteonecrosis was simulated by the finite element analysis. More attention was given in this study to the structural discontinuity than the material discontinuity and the biological effects.
Introduction
It is generally accepted that osteonecrosis develops in some limited portion of the femoral head and progresses into segmental collapse and finally results in gross fracture. The femoral head with osteonecrosis can be divided into three zones, namely, the normal, the reactive and the necrotic zone. According to previous study of histomorphological parameters using micro-CT, the reactive zone is highly strengthened by bone remodeling in terms of micro-mechanical structures [1] . As it is well known that the structural discontinuity would give higher stress concentration, the effects of nonhomogeneity of bone structures on the bone behavior with osteonecrosis were considered. Also the effects of reactive zone on mechanical behavior of adjacent trabecular bone were investigated in this paper. Fig. 1 shows the CT images of typical cancellous bones of the femoral head and the illiac wing. After coring two cylindrical bone specimens (Ø=11mm, diameter) from the human femoral heads, one with early ONFH(Male 63 years old) and the other without ONFH(Male 48 years old), each specimen was scanned using micro-CT(Skyscan-1072, Skyscan, Aartselaar, Belgium). Fig. 2 shows the 3D constructed cored bone specimen and the model with 3 regions inside. The pixel size was 21.3µm x 21.3µm and the slice distance was 21.3µm producing voxels with 2l.3µm x 21.3µm x 21.3µm size. The 2D serial slices and the 3D reconstructions were made with 256 gray scale using attenuation coefficients (range; 0.552~0.17). Each 3D reconstruction was divided into three volumes of interest (VOI) which represented the zone I(necrotic), zone II(reactive) and zone . The optimal threshold for each VOIs were determined at the minimum change of bone volume fraction [2] . The histomorphological parameters were calculated from these data [3] . The surfaces of the femoral head with ONFH are shown in Fig. 4 . The arrows in the figure show the boundary of ONFH area. The 3D microstructural FE models to describe trabecular bone cube(4x4x12mm) were built using serial micro-CT scan images and voxel conversion method. The fractal dimension for a plate-like structure such as the femoral head must be greater than 2.42 in order to represent the geometry of the trabeculae precisely and produce accurate numerical results when loaded in bending [4, 5] . The fractal dimension (f) of micro FE model was defined as the following equation [6] .
Method
The fractal dimensions of 3D microstructural finite element models used in this study was 2.49, 2.44 for the specimens with and without ONFH respectively. So all of the specimens were considered as plate like structures.
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Title of Publication (to be inserted by the publisher) The 3D microstructural FE models representing the entire specimen (4 × 4 × 12mm) were built using voxel conversion method to perform a nonlinear analysis of the behavior of entire specimen(4 × 4 × l2mm) with and without ONFH. Additionally the specimen with ONFH was divided into three trabecular cubes(4 × 4 × 4mm) to investigate the nonlinear behavior of necrotic and normal zone in detail. The modulus of elasticity(E), Poisson's ratio(ν) and yield stress(σ p ) for the trabecular bone were set to 445MPa, 0.3 and l9.4MPa, respectively[l]. Isotropic and homogeneous perfect plastic properties for the trabecular bone were assumed. Boundary conditions for the FE models applied represent the situation in a compressive test setup of 3.8% strain. The nonlinear finite element analysis was performed using ABAQUS 6.2(HKS Inc., Rhode Island, USA). Fig. 5 shows the finite element model of the 3D reconstruction of the specimen and Fig. 6 shows loading and the boundary conditions. 
Results
Some histomorphological parameters which show differences in trabecular structure between cases with and without ONFH are given in Tables 1 and 2. In the specimen with ONFH, the parameters of the normal zone revealed that it is structurally stronger than the necrotic zone. Various properties of trabeculae and the mean intercept length in 2D images are shown in Table 1 . Table 2 
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3D parameters where structure model index(SMI) is 0 for plate like structure, 3 for rod like structure and 4.0 for sphere shape structure. As the SMI values were around 2, our specimens were considered in between plate and rod like structures. However all zones in the specimen without ONFH had similar values of the parameters [7] . The FE analysis revealed that the stresses on the specimen with ONFH were concentrated in the necrotic and normal zone but not in the reactive zone, while the stresses were uniformly distributed over the three zones of the specimen without ONFH (Fig. 7) . The maximum stresses from linear static analysis were 50.6 MPa, 47.2 MPa on the specimens with and without ONFH, respectively. It was shown that the reactive zone caused a stress concentration on the adjacent regions. The stressstrain curves from the necrotic and normal zones are shown in Fig. 8(a) and fractions of yielded voxels in % are in Fig. 8(b) . These values were obtained through nonlinear analysis by ABAQUS. It is shown that the normal zone was 24% stiffer than the necrotic zone. (Fig. 8a) The fraction of yielded voxels at the apparent level of normalized yield strain (which is shown as a dashed line on 1.0 of x axis in the graph) for the specimens are calculated 2.9%, 2.4 % in the necrotic and the normal zone, respectively (Fig. 8b) . 
Discussions and conclusions
The micro finite element analysis on femoral head specimen using micro CT carried out in this study showed that AVN areas are coarser than normal areas when remodeling of cancellous bone is developed after infarct and normal structures are homogeneous. The stress concentration is observed on AVN area of ONFH case but the stress is distributed rather uniformly for normal case. The stiffness was predicted to reduce on ONFH case by accumulation of micro fracture. The normal bones were expected to remodel by adapting to new force distribution. The fracture lines were expected to grow from the AVN surface. The mode of failure from compressive loading dominated but a certain amount of tensile modes were also present. But compressive failure modes were rare when tensile loadings were applied. It could be hypothesized from these observations that the stress concentration due to the mechanical effect of the reactive zone caused an adaptive remodeling of trabeculae in the normal zone, while it caused micro-fractures of trabeculae and decreased the stiffness of the necrotic zone. Because the remodeling power is inherently deficient in necrotic zone, the micro-fracture is likely accumulated and may result in fracture lines. Also the progress to failure may stimulate the reactive zone to be stronger and makes the vicious cycle to be formed. So, these results from simulation in this study provide essential means for determining mechanical behavior of bones with ONFH.
